Abstract: This paper examines important factors for policymakers to consider when making a decision to adopt Bt corn planting and commercialisation, by analysing the market, environmental, and health benefits and risks of Bt corn as well as current regulatory policies that may affect trade. Bt corn, genetically modified to produce a pesticidal protein, has benefits that include improved yield, decreased pesticide use, and reduced mycotoxin levels. These qualities of Bt corn could be particularly beneficial in some developing countries, where corn is a staple in human and animal diets and pests and mycotoxins are poorly managed. However, a combination of potential environmental and market risks, as well as the broader context of what would be accomplished by allowing Bt corn adoption, should also be considered when policymakers decide whether to allow commercialisation and trade of this genetically modified crop.
Introduction
Bt corn is genetically modified (GM) to produce a protein that is toxic to lepidopteran insects, including common corn pests such as corn borers and earworms, but is
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harmless to other animal species. Thus far, eight nations worldwide have approved commercialisation of Bt corn (James, 2003) . However, about 90% of total Bt corn planting today takes place in industrial nations, with the USA comprising 85% of the total acreage devoted to Bt corn globally. Only four undeveloped countries: Argentina, Honduras, South Africa, and the Philippines -have approved Bt corn commercialisation and trade.
This paper describes and analyses the factors that governments may find useful to consider when deciding whether to adopt and to allow commercialisation of Bt corn in their nations. First, some background on and the various demonstrated benefits of Bt corn are described: improved yield, reduction in pesticide usage, and reduction of mycotoxins (toxins produced by fungi that colonise plants). Then environmental risks are discussed, as well as potential market risks in the context of current national and international policies on GM crops. There is a discussion on the role that Bt corn can or cannot play in the food security of a nation, relative to other agricultural technologies and methods and socio-political factors.
Background on Bt corn
Bt corn is one of the most commonly grown genetically modified crops in the world today. GM crops contain genes from unrelated organisms that are introduced into the plant genome through a variety of non-sexual methods. Bt corn contains a gene from the soil bacterium Bacillus thuringiensis. A common Bt gene in Bt corn encodes for formation of a crystal (Cry) protein Cry1Ab. This protein binds to the alkaline gut of insects of the order Lepidoptera, including the corn pests European corn borer (ECB) Ostrinia nubilalis, Southwestern corn borer (SWCB) Diatraea grandiosella, and corn earworm (CEW) Helicoverpa zea, but is harmless to vertebrates and non-lepidopteran insects. (A new variety of Bt corn protects against the corn rootworm Diabrotica virgifera.) The alkaline environment of the insect gut solubilises the Cry protoxin which is activated by proteolytic cleavage into the active core toxin. The insect stops eating and eventually dies within a few days (IPCS, 1999; Federici, 2002) .
Non-GM microbial Bt pest control agents containing Bt Cry proteins were first registered for pesticidal use in the USA in 1961 (IPCS, 1999) . Commercial liquid and dust 'natural' insecticides containing Bt are referred to as microbial Bt sprays. These Bt sprays are highly regarded by organic farmers and other growers, as they are safe to mammals and birds and safer to non-target insects than conventional insecticides. However, their residual action is limited due to their rapid inactivation by sunlight and removal from leaf surfaces by rain and wind. Also, microbial Bt spray and other sprayed insecticides cannot reach some of the most pest-susceptible interior parts of the corn plant. Bt corn, on the other hand, produces the Cry insect control protein constitutively throughout the plant throughout the growing season, including tissues that are difficult to protect with surface-applied insecticides .
Bt corn seed was first commercialised in 1996. In 2004, Bt corn was grown on about 27% of US field corn acres (USDA, 2004) . As US regulations do not require segregation of genetically modified grains, Bt corn and traditional grain corn are treated as identical for almost all commercial uses; with the exception of a small number of food companies that will not use genetically modified food, such as Gerber for its baby food. The majority of harvested Bt corn is used for animal feed. A small percentage and specific varieties of corn are designated 'food grade' for human consumption. Other uses include non-food items such as paper, adhesives, and pharmaceuticals ( Figure 1 ).
Figure 1 Uses of field corn in the USA
Source: Munkvold (2001) Seven nations other than the USA are planting Bt corn currently. These are Canada, Germany, Spain, Argentina, Honduras, South Africa, and the Philippines (James, 2003) . Figure 2 shows the distribution of Bt corn planting worldwide. The USA is by far the largest adopter, producing 85% of the total global market of Bt corn. Argentina, Canada, and South Africa are also important adopters; comprising 8%, 4%, and 2% respectively of the total global Bt corn market. China has approved field trials, but has not yet allowed commercialisation of the crop. The other Bt corn-adopting nations comprise only 1% of the world market. In total, about 25 million acres of Bt corn are planted globally today (James, 2003) . 
Benefits of Bt corn
By virtue of its pest protection, Bt corn provides certain benefits both to growers and to consumers. Yield increase and pesticide reduction are primarily benefits that accrue to Bt corn growers, whereas mycotoxin reduction as a result of decreased insect damage F. Wu provides economic benefits for growers and health benefits for both human and animal consumers. These benefits associated with Bt corn adoption have been demonstrated to varying extents in different countries around the world, and could be particularly beneficial in some less-developed countries, where corn is a staple in human and animal diets and pests and mycotoxins are poorly managed.
Increase in yield
Yield increase occurs because the toxins in currently registered Bt corn events are nearly 100% effective against ECB and SWCB, and to a more limited extent also control CEW (Ostlie et al., 1997; Gianessi and Carpenter, 1999) (Event is trade jargon for a transgenic variety). This is a significant improvement over pest management strategies such as conventional insecticide sprays, which provide at best a 40-80% protection against the ECB, which causes $1-2 billion annual damage in the USA (Hyde et al., 1999; Levidow, 1999) .
Even with the technology fee on Bt seed, which is the additional fee growers pay to use the technology, farmers in certain areas of the USA where pest infestation is heavy -in particular, Iowa, Minnesota, Nebraska, South Dakota, Kansas, and parts of Colorado, New Mexico, and Texas (EPA, 2001) -are projected to experience a significant increase in revenue (Gianessi and Carpenter, 1999) . Yield gains have been estimated at 1-14% (average 5%) in a variety of field studies (James, 2003) . Part of this benefit is transferred to consumers through reduced price of corn. In other areas of the USA, where pest infestation is lower, the benefit that Bt corn would provide to the grower from increased yield might not justify the technology fee (Hyde et al., 1999; EPA, 2001) .
The pests for which Bt corn provides optimal resistance, namely, the corn borers, are common pests in the 25 most important corn-planting nations worldwide (James, 2003) . Yield gains through Bt corn field trials in Spain have ranged from 5-11%; while field trials in Germany have shown gains from 12-15% (James, 2003) . In Latin America and China, yield gains have ranged from 8-24% (James, 2003) . In field trials in South Africa, Bt corn yield gains have averaged 10%. Since Bt corn has not yet been commercialised in Spain, Germany, and China, the economic impacts of yield increase through broad Bt corn adoption cannot be calculated. However, USA yield increases through Bt corn use are in the same ballpark of 5-15%; as US corn growers are currently experiencing overall economic benefits (Wu, 2004a) , it is likely that potential future Spanish and German Bt corn growers would experience economic benefits as well. Bt corn has been commercialised in Argentina and South Africa, and the technology fee charged in these nations is considerably lower than that in the USA (GAO, 2000) ; so overall economic benefits are very likely to Bt corn growers in these nations.
Reduction of pesticide usage
Farmers who adopt the new Bt technology will also be able to forego spraying pesticides that control for lepidopteran pests. Hence, the overall use of four pesticides -methyl parathion, chlorpyrifos, lambda-cyhalothrin, and permethrin -has decreased to a certain extent as a result of Bt corn planting (Gianessi and Carpenter, 1999) . A relatively small fraction of field corn acres, however, are sprayed with chemical insecticides compared with other crops (e.g., cotton) (Fernandez-Cornejo and McBride, 2000) . ECB and other pests targeted by Bt corn are difficult to control with conventional pesticides, because of the difficulty of coordinating applications with pest feeding and the inability of most pesticidal sprays to reach inner corn parts where the pests feed. Therefore, little conventional pesticide has historically been used on field corn to target ECB.
In a survey, Rice and Pilcher (1999) surveyed several thousand Bt corn growers in six major corn-producing states on their use of pesticides before and after adoption of Bt corn. The average weighted decrease in pesticide usage was 28%. Wu (2004a) calculated that the time, labour, and other direct cost savings from pesticide reduction due to Bt corn were about US $2/acre. However, the benefits to human health and to the environment from pesticide reduction are insignificant, because the pesticides whose use was reduced from Bt corn planting were relatively low-risk at the rate at which they were applied to field corn.
Studies have not been done on whether pesticide usage has been reduced in nations other than the USA that have planted Bt corn. However, two studies have demonstrated significant reduction of pesticide usage on Bt cotton in China: Bt fields received one-fifth the amount of spray that non-Bt fields did, and the cost savings were over US $140 per hectare (Huang et al., 2003; Hossain et al., 2004) . In these cases, there were attendant benefits in terms of environmental quality and human health. It is not expected that the benefits regarding Bt corn planting would be as great, as pesticides are unlikely to be used in great quantities on field corn in less developed countries. However, where pesticide application has occurred, Bt corn is likely to reduce necessary applications and to result in similar benefits.
Reduction of mycotoxin contamination
Finally, Bt corn has been shown in several field experiments to have significantly lower levels of mycotoxins: chemicals produced by fungi that can be toxic and carcinogenic to animals and humans . The insect pests ECB, SWCB, and CEW all have been shown to contribute to the occurrence of mycotoxins in corn (Dowd, 1998) ; because insects create wounds on corn kernels and are vectors for certain types of fungal spores. Field studies have demonstrated evidence of reduced levels of three important agricultural mycotoxins -fumonisin, aflatoxin, and deoxynivalenol -in Bt corn.
Fumonisin is associated with elevated human esophageal cancer incidence in various parts of Africa, Central America, and Asia (Marasas et al., 2004) and among the black population in Charleston, South Carolina (Sydenham et al., 1991) . Because fumonisin reduces the uptake of folate in different cell lines, fumonisin consumption has been implicated in connection with neural tube defects in human babies (Hendricks, 1999; Marasas et al., 2004) . In addition, fumonisins in animal feed cause diseases such as equine leukoencephalomalacia (ELEM) in horses and porcine pulmonary edema (PPE) in swine (Ross et al., 1992) . US field studies (Munkvold and Hellmich, 1999; Dowd, 2001) indicate that when insect damage from ECB or SWCB is high, fumonisins are substantially lower in Bt corn compared with conventional corn. Importantly, in Bt corn, fumonisin levels were reduced to below the US food and drug administration (FDA) guideline for fumonisin in human food: 2 mg/kg (FDA, 2000) . The greatest reductions in fumonisins in Bt corn occur where ECB or SWCB is the predominant insect pest. Where fall armyworm, western bean cutworm, or other pests are predominant, Bt corn, which does not achieve complete control of these pests, does not have significantly lower fumonisin levels.
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Aflatoxin is the most potent chemical human liver carcinogen known, and is also associated with stunting in children and immune system disorders (Gong et al., 2000) . Aflatoxin can also severely damage poultry and cattle health (Keyl, 1978; Wyatt, 1991) . Depending again on the predominant insect pests in different regions of the USA, Bt corn may or may not have lower levels of aflatoxin than their non-Bt isogenic counterparts. Bt corn planting proved successful in significantly reducing aflatoxin in several field studies (Windham et al., 1999; Odvody et al., 2000; Williams et al., 2002) , whereas other field studies show no significant differences of aflatoxin levels in Bt and non-Bt corn (Dowd, 2000; Buntin et al., 2001; Maupin et al., 2001) . Aside from pest type, the differences in Bt corn's effectiveness depended on predominance of aflatoxin in the first place (where aflatoxin concentrations were higher, the Bt/non-Bt levels were significantly different) and other climatic conditions that predisposed corn to aflatoxin contamination.
Deoxynivalenol (DON, or vomitoxin) is the most common mycotoxin in cereals, and causes human and animal effects ranging from vomiting and nausea to immuno-suppression and loss of productivity (Miller et al., 2001) . Schaafsma et al. (2002) found that where ECB pressure was high, the use of Bt hybrids reduced the level of DON by 88% compared with non-Bt isolines. Where ECB pressure was low, however, there was no significant difference between DON levels in Bt vs. non-Bt hybrids (which were below 1 mg/kg in either case: the FDA guideline for DON in human food). However, in a central European field study, the association between ECB damage and DON concentrations was not consistent across years (Magg et al., 2002) .
One of the greatest benefit that Bt corn could provide in less developed countries is reduction in mycotoxin levels. In these nations, many individuals are not only malnourished but are also chronically exposed to high levels of mycotoxins in their diet. Reported results of excess mycotoxin consumption range from deaths from severe toxicoses to various cancers to diseases of malnutrition, the last among children particularly (Miller and Marasas, 2002) . Moreover, export market losses have been severe, on the order of several hundred million dollars, as a result of excess mycotoxin contamination in China, Argentina, and sub-Saharan Africa (Wu, 2004b) . Hammond et al. (2003) found consistently lower levels of fumonisin in Bt hybrids when compared to controls in 288 separate test sites in Argentina, France, Italy, Turkey, and the USA. Fumonisin concentrations in Bt grain were often lower than 4 mg/kg, with a significant proportion of these below 2 mg/kg, thus making the corn safe for human consumption by FDA standards. Likewise, Bakan et al. (2002) found lower levels of fumonisin contamination in Bt corn than in non-Bt isolines grown in field trials in France and Spain.
If policymakers chose to allow importation of Bt corn, but not planting within the nation, many of these benefits would be missed. Secondary benefits would be potentially lower import prices for corn and corn products (through a larger global supply of acceptable corn), and more nutritious corn through reduced mycotoxin contamination.
Risks of Bt corn
An important consideration when deciding whether to adopt an agricultural technology is that the technology poses no significant risks to human health, the environment, or trade; or, if it does, whether its benefits outweigh its risks. When Bt corn was first commercialised in the USA in 1996, the full suite of potential risks to human health and the environment had not yet been fully discovered and assessed (Indeed, the full suite of risks of Bt corn, or any plant, may never be fully discovered and assessed). In the last decade, more information has emerged to shed light on new potential risks, and in some cases, to repudiate those risks. Among the most notable potential risks of Bt corn that have since been repudiated by extensive scientific and governmental risk assessments are those of food allergenicity, horizontal gene transfer, and adverse impacts on non-target species. Still of significant concern are issues of gene flow, insect resistance development, and trade barriers that could result from precautionary policies regarding GM crops.
Previous health and environmental concerns regarding Bt corn
One risk concerned human health effects of consuming Bt corn products. As part of the registration/re-registration process, the US Environmental Protection Agency (EPA) requires seed registrants to submit tests of potential toxicity and allergenicity of their Bt corn events before they can be approved for human consumption. All tests so far of adverse mammalian impacts from ingesting Bt corn have been negative, even at doses in mice of 3280 to 5000 mg/kg bodyweight (NAS, 2000; EPA, 2001) . Because most Bt toxins readily degrade into their constituent amino acids during digestion, they are not chemically active or antigenic in foods.
There is reason to suspect that a GM food is an allergen if its transgene comes from a source that is already a known food allergen, or if the protein created by that transgene is homologous to other known allergens. Food allergens tend to be at least somewhat resistant to degradation by heat, acid, and digestive enzymes, to be glycosylated (to have radicals of glucose added to the protein), and to be present at high concentrations in the food (Metcalfe et al., 1996; Kimber et al., 1999; Stewart et al., 2000) . If laboratory animals exhibit allergic reactions to the GM food, this is also an indicator that the food may cause allergic reactions in humans (Metcalfe et al., 1996) . The crystal proteins produced by Bt corn are unlikely to cause allergic reactions in humans. First, the proteins in Bacillus thuringiensis are not known human allergens. Data submitted to EPA show that the proteins are not homologous to any known food allergens, are rapidly degraded in gastric fluid, and are non-glycosylated. Moreover, their amino acid sequences are not homologous to those of known food allergens, when compared at an eight amino-acid sequence level comparison (Mendelsohn et al., 2003) .
A second risk of Bt corn concerned horizontal gene transfer. Gene flow can occur not only through sexual (vertical) mechanisms, but also through non-sexual mechanisms. The latter are referred to as 'horizontal' gene transfer, because genes move not vertically from parent to offspring but directly between any two individuals (Rissler and Mellon, 1996) . While there is some concern about Bt 'gene jumping', the main concern does not involve transfer of Bt cry genes, but of marker genes that convey antibiotic resistance. Examples of marker genes previously used in Bt corn are amp r (also known as bla, or beta-lactamase) and nptII, which confer resistance to the antibiotics ampicillin and kanamycin, respectively. The risk of having antibiotic resistance marker genes present in Bt corn is that bacteria, particularly in human and animal stomachs, could somehow acquire the antibiotic resistance marker gene through horizontal gene transfer. They would then become resistant to the antibiotics against which the gene confers F. Wu resistance, thus lowering the therapeutic effectiveness of those antibiotics (Nelson and de Pinto 2001) .
Based on studies of the relevant literature, the EPA concluded that horizontal gene transfer between Bt corn and soil bacteria was an 'extremely rare event', as there are no known occurrences of horizontal gene transfer from plants to bacteria, nor any recorded instances of naturally occurring transfers between plants and any other organism (Schluter et al., 1995; Rissler and Mellon, 1996; Nielsen et al., 1998; Gebhard and Smalla, 1999) . Moreover, as of 2001, none of the registered events of Bt corn contains the antibiotic resistance marker gene in the finished product (Anderson et al., 2001) .
A third risk concerned effects to non-target lepidopteran insects. In 1999, a Cornell study (Losey et al., 1999) first alerted the public to the possibility that monarch butterfly larvae (of the insect order Lepidoptera) could experience toxic effects of Bt corn; not because they consumed corn, but because the milkweed on which they fed might be contaminated with Bt pollen blown from nearby cornfields. As a response to this study, the US Department of Agriculture and the Agricultural Biotechnology Stewardship Technical Committee (ABSTC) sponsored several projects to perform a comprehensive risk assessment of Bt corn to non-target insects.
The two key components of this risk assessment were an analysis of effects (dose-response analysis) and an exposure assessment. The dose-response study that emerged from this effort showed that monarch larvae experienced no adverse health effects even at concentrations of 1000 pollen grains/cm 2 , which is rarely encountered in field conditions. Above this concentration, larvae were smaller, but had the same survival rates as those in the control group. Exposure analyses considered the concentration of Bt pollen on milkweed at times of monarch larval hatching across the USA and Canada , the concentrations of pollen on various parts of milkweed plants, larval hatching probabilities on various parts of milkweed plants, and the relative locations of cornfields and milkweed plots .
The results of the dose-response effects and hazard exposure studies were combined in a probabilistic risk assessment by Sears et al. (2001) . They estimated that monarch larvae would experience growth inhibition of less than 1% from the currently registered Bt corn events, when ingested at a pollen density representing the 99.9th percentile of pollen distribution. The weight of evidence shows that the currently registered events of Bt corn are unlikely to adversely affect non-target lepidopteran species such as the monarch butterfly and the black swallowtail in field conditions. Thus, food allergenicity of Bt corn, potential for horizontal gene transfer, and risks to monarch butterflies and other non-target species are generally considered among scientists to no longer be of concern to human health or the environment.
Gene flow and its potential consequences in the USA and elsewhere
An important concern about the introduction of Bt corn is its potential for gene flow: spreading the Bt gene through sexual transmission to non-Bt corn ('gene outcrossing') or wild relatives ('gene outflow') that did not originally possess the genes. This potential for gene flow raises two main concerns:
• flow of the Bt gene could enhance the weediness of certain corn relatives, which could then lead to loss of biodiversity (Rhymer and Simberloff, 1996; Ellstrand et al., 1999) • flow of the Bt gene into corn that is not meant to contain genetically modified material (e.g., organically grown corn) could lead to an economic loss for those farmers whose corn is pollinated with Bt pollen (Wu, 2004a) .
The two relatives of corn that pose a concern are Tripsacum and teosinte, as these are the only species related to corn that could survive without human cultivation. Field corn is of the species Zea mays, which in the Americas is closely related to the Tripsacum species as well as to wild teosintes. The species in the genus Tripsacum are close relatives of corn, of which three species occur naturally in the USA (Hitchcock, 1971) . Of these, T. dactyloides, or Eastern Gama Grass, is the only species of widespread occurrence and any agricultural importance; though it lacks the characteristics of many weeds (EPA, 2001) . Because Tripsacum differs from corn in chromosome number (usually 9 or 18), attempts at laboratory gene outcrossing have been difficult, and the resulting hybrids are primarily sterile. Also, such hybrids are not able to survive even the mildest winters (EPA, 2001) .
The real concern is the regions of native corn biodiversity primarily located in Mexico and Central America. Teosintes have co-evolved in close proximity to maize in Central and South America for thousands of years. They have maintained separate genetic constitutions in spite of occasional introgression (Doebley, 1990; EPA, 2001) . Like corn, two species of teosintes have ten pairs of chromosomes and can be genetically compatible with corn, producing viable offspring (Some teosinte species have 20 pairs of chromosomes and cannot form stable hybrids with corn (Edwards et al., 1996) ). One concern about introgression between Bt corn and teosintes is that the latter is self-sustaining in warm climates. Teosinte has a cob-like fruit that shatters more easily than corn, but still restricts the movement of seeds compared with other related weedy species (EPA, 2001) .
Currently, Mexico has halted the planting of Bt corn, while it is assessing the potential impacts of Bt corn on the biodiversity of Mexican maize landraces and their ancestral forebear teosinte. Special concern was raised when a study published in Nature (Quist and Chapela, 2001) reported that promoter (CaMV 35S genes) and terminator (nos from Agrobacterium tumafaciens) elements from Bt corn were found in samples of Mexican native maize landraces. Later, Metz and Futterer (2001) and Christou (2002) cast doubt on the validity of the findings in the Quist and Chapela study, attributing the positive polymerase chain reaction (PCR) results to sample contamination as the most likely explanation. As an unequal number of samples tested positive for NOS and 35S, there seemed a lack of intact functional genes which would have been expected from transgenic plant origin. However, Quist and Chapela's first conclusion, that transgenic DNA is present in native landraces of Oaxacan corn, is certainly plausible, given the large-scale importation of US corn. Whether or not Quist and Chapela conclusively proved that point, many scientists agree that it is likely that transgenic corn is growing in Mexico (Byrne et al., 2005) .
Even if Bt corn were planted in close proximity so as to achieve gene flow to its native relatives, however, the probability of reducing biodiversity among native relatives or causing relatives to become weedy is remote. First, the Bt gene would need to be successfully incorporated into the native species. Next, the plant population would have to be contaminated with Bt corn multiple times, or Bt corn would need to be so dominant that a significant proportion of the plants would have acquired the transgenes. Finally, the plants that incorporated the transgenes would need to outcompete the non-Bt-contaminated plants in that same region. As the only advantage Bt confers is lepidopteran pest control, it is unlikely that outcompetition would occur (Dr. Christopher Wozniak, EPA, personal communication). In fact, because Mexican farmers rarely segregate different varieties, cross-pollination between local and non-local varieties has already been taking place. Yet, despite the history of gene flow from non-local to local cultivars, the varieties have survived intact as recognisable entities (CAST, 2002) .
It is also important, however, to consider the cultural value to humans of preserving the genetic integrity of those species. As Ignacio Chapela of University of California at Berkeley stated of Mexico, "The people are corn, and the corn is the people." (Yoon, 2001 ) It may well be that concerns regarding gene flow's ecological effects are scientifically unfounded, but the true concerns are cultural (CAST, 2002) .
The final risk of gene flow concerns organic corn growers whose fields lie in close proximity to Bt corn. All organic certification agencies worldwide prohibit the use of genetic engineering in organic production and processing (Codex Alimentarius Commission, 2002) . Hence, even if an organic grower plants no Bt corn, his corn may be rejected in the organic market if it is found to contain trace amounts of transgenic material through cross-pollination with Bt corn. In such cases, an organic grower could lose his premium of $0.20 to several US dollars per bushel (Greene, 2001) . Such concerns are important, as US society is increasingly valuing organic produce (Good and Bender, 2001), though no federal statutes currently protect organic growers against GM gene contamination.
Insect resistance development
With repeated use, many pesticides are expected to lose their efficacy as selective pressures favour the survival and reproductive success of resistant pests (Roush, 1994; Andow and Alstad, 1998; Tabashnik et al., 2000) . It is feared that Bt corn, by increasing the duration of exposure, will exert greater selective pressure on insect populations to develop resistance to Bt compared to the transient, external applications of microbial Bt spray (particularly among organic farmers) favoured prior to the advent of Bt corn.
Insect resistance development to Bt corn is a significant concern because Bt toxin is valuable not just to those that promote agricultural biotechnology and those that plant Bt crops, but also to those who rely on microbial Bt sprays to control pests. The organic farmers' movement has made this point particularly clear in the debate over Bt corn (EPA/USDA, 1999). Bt toxin is considered one of the least harmful methods of agricultural pest control to the environment and human health; hence, the US Environmental Protection Agency (EPA) considers Bt to be "in the public good" (Dr. Sharlene Matten, Head of Insect Resistance Management Team, EPA, personal communication).
For this reason, planting Bt corn in the USA is accompanied by EPA requirements that theoretically manage insect resistance development. The goal of insect resistance management (IRM) of Bt corn is to delay or prevent insect resistance development by three methods:
• controlling pests' mating mechanisms through the high dose/refuge strategy (ensuring high doses of Bt toxin in the corn as well as requiring a 'refuge' of non-Bt corn to maintain a susceptible pest population (Roush, 1994; Onstad and Gould, 1998; Caprio, 2001 )) • monitoring and encouraging Bt corn grower compliance with that strategy (EPA, 2001) • monitoring for resistant insects on the cornfield (Roush and Miller, 1986;  Andow and Alstad, 1998).
There is still uncertainty as to the effectiveness of EPA's IRM strategy, because by nature, any insect resistance management plan for Bt corn will be purely theoretical until resistance is actually detected in the cornfield (which to date has not happened). Hence, one cannot know whether the current IRM strategy works -one can only know in the future if IRM does not work by observing the development of insect resistance.
It is important to note that pest resistance to Bt corn will not necessarily render microbial Bt sprays useless. This is because resistance is pest-specific, and Bt sprays are used to treat a range of pests. For example, if ECB becomes resistant to Bt corn, this should have little impact on microbial Bt use, because few acres are sprayed with microbial Bt for ECB control. However, other pests such as corn earworm are more frequently treated with microbial Bt on vegetables.
Market and trade risks
When making the decision to adopt Bt corn or any GM crop, policymakers must also consider potential trade risks because of current stigmas associated with genetically modified materials. Three concepts are discussed here: the Precautionary Principle applied to national and international regulations on GM foods including Bt corn, the potential market and trade impacts for nations that have adopted or decide to adopt GM crops in the general, and the more specific risk associated with seed saving and exchange.
The precautionary principle in GM crops regulations
Increasingly, genetically modified organisms (GMOs) such as Bt corn are becoming subject to the so-called 'Precautionary Principle' in national and international regulations. The Precautionary Principle basically states that when an activity raises threats of harm to human health or the environment, precautionary measures should be taken even if some cause-and-effect relationships are not established scientifically (Geiser, 1999; Tickner, 1999; Goldstein, 2000; Wiener and Rogers, 2002) . Applied to GMOs, the Precautionary Principle in national and international regulations has usually served as a means of limiting or banning adoption, commercialisation, or trade of products that may contain genetically modified material. There are good reasons for precautionary policies to govern GMOs. Gene flow, as described above, is a significant environmental concern, particularly for nations that have weedy relatives of the GM crops. Consumers may not wish to consume food products that contain GM content, a point that democratic governments should not ignore. At the same time, the Precautionary Principle may be limiting trade of certain GMOs in a manner that is disproportionate to the actual health and environmental risks associated with them.
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At the national level, the Precautionary Principle has affected various stages of the development, testing, and marketing of Bt corn and other GM crops. An important point is that no nation, or group of nations, should be considered uniformly precautionary or uniformly permissive with regard to GMO policies. Paarlberg (2001) divides GM crop policies into Promotional, Permissive, Precautionary, and Preventive -each describing the relative stringency or permissiveness of different GMO policies in four nations: Kenya, Brazil, India, and China. His analysis showed that on different policies pertaining to GMOs such as biosafety, intellectual property rights (IPR), trade, food safety, consumer choice, and public research investment, each of these four different nations ranks differently on the spectrum of precaution for each type of policy. For example, India's policies on IPR and trade are preventive toward GMOs, but its policies on public research investment are promotional with regard to biotechnological advancement.
The European Union (EU) invokes the Precautionary Principle in its regulations on GMOs (Zechendorf, 1998; Gaskell et al., 1999; Victor and Runge, 2002; Paarlberg, 2003) . From the mid-1990s to 2002, the EU did not allow commercialisation or import of Bt corn (Victor and Runge, 2002 ). Yet even the EU has in recent years relaxed its stance with regard to trade, while still making explicit the role of the Precautionary Principle in its Directive 2001/18/EC on genetically modified plants. The new Directive, which entered into force in October 2002, includes the following elements:
• explicit incorporation of the Precautionary Principle
• mandatory monitoring for direct and indirect effects on human health and the environment from GMO marketing • accounting for ethical implications of biotechnology
• need for environmental risk assessments based on independent scientific advice • consultation with a Scientific Committee
• increased transparency of the decision-making process
• traceability and labelling requirements (Rogers, 2004) .
Moreover, in 2004, the European Commission approved 17 Bt corn varieties for planting (James, 2004) . These actions are signalling a greater acceptance from the EU with regard to trade and commercialisation of Bt corn and other GM crops. Consumers, however, may still resist purchasing foods containing GM material (Haniotis, 2000; Richardson, 2000) : an important consideration for the next stages of Bt corn adoption as well as adoption of other GM crops.
At the international level, the Precautionary Principle has largely restricted trade of products containing GM content. In this age of global trade, international agreements have a strong impact on regulating the movement of products between countries (Byrne et al., 2005) . Two such agreements are described here: the Cartagena Protocol on Biosafety (or Biosafety Protocol), and the World Trade Organization.
The Cartagena Protocol on Biosafety was an outgrowth of the Convention on Biological Diversity at the Rio Earth Summit of 1992. This protocol established a framework for international regulation of GMOs, or 'living modified organisms' (LMOs). Contained within the Biosafety Protocol is explicit language on the Precautionary Principle; namely, that governments may invoke this principle to block imports of shipments that may contain LMOs or LMO products, even in the absence of conclusive evidence that the products are not safe (www.biodiv.org/biosafety). Members of the Protocol have as of February 2004 adopted labelling requirements for trade in genetically engineered organisms, including bulk shipments of seeds such as maize and soybeans. Under the new rules, a 'may contain LMOs' label must accompany such shipments.
The World Trade Organization (WTO), on the other hand, has as its goal helping global producers of goods and services, exporters, and importers to conduct their business (www.who.int). While its position on GMOs has not been finalised, the WTO has established a Sanitary and Phytosanitary (SPS) Agreement that recognises the right of countries to maintain standards that are stricter than international standards. These measures must, however, be justified by 'science'. Hence, WTO's stance attempts to serve those nations on both sides of the GMO trade dispute. While it protects the right of nations to reject GMO importation, it is also designed to curtail import restrictions that are based on arbitrary and unsubstantiated health and safety claims (USDA, 2002) . In its emphasis on scientific evidence of harm, the WTO has a stance that differs from the traditional language of the Precautionary Principle.
The WTO is now playing an important role in evaluating country-level stances on GMOs. The USA, along with Canada, Uruguay, and Australia, has been involved in formally challenging European Union regulations toward GM foods and crops in the dispute settlement body of the World Trade Organization (WTO). The USA has a reasonably solid scientific and legal case for this challenge, as WTO's SPS agreement state that nations may ban imports only on the condition of scientific evidence of risk. Thus far, 81 separate scientific studies financed by the European Commission have all shown no evidence of harm to health or the environment from GMOs (Paarlberg, 2003) .
Potential market and trade impacts for nations adopting Bt corn
However, requirements for GM food traceability and labelling, adopted in the EU and increasingly supported in other parts of the world (Yimin and Mervis, 2002) , may make the process of growing and marketing Bt corn onerous. To be able to trace and label Bt corn and its products requires grain segregation at the farmer and elevator level. Not only would farmers and grain elevator operators need to keep Bt and non-Bt corn separate, they must also prevent commingling during harvest, transport, and storage; which would significantly slow the rate of turnover in a high-volume business. Currently elevators operate with very thin margins, and their profits depend on moving large volumes of product quickly (Lin et al., 2000) . If all grain elevators across the USA were to segregate Bt from non-Bt corn, the total added cost could be in the hundreds of millions $US annually (Lin et al., 2000; Wu, 2004a) . Although this cost would be borne immediately by grain elevators, it would be passed down to all levels of society through increased price of food and food processing.
These potential costs of traceability and labelling are noted by the governments of less developed countries as well. In the summer of 2002, several sub-Saharan African nations -in particular, Zambia, Zimbabwe, and Mozambique -repeatedly rejected US food donations that contained GM corn, in spite of massive regional famines that threatened the lives of over 14 million people. While officials in those nations defended their decision on the grounds of wishing to avoid environmental and health risks, economic risks likely played a more significant role in their rejection of GM corn (Paarlberg, 2002) . First, these officials feared that African farmers would not be able to export their grain if it were found to be contaminated by genetically modified varieties. Second, they feared that if they accepted US corn that was not guaranteed to be 'GM-free', European donor organisations would halt financial aid due to the widespread anti-GMO sentiment there (Cauvin, 2002; Paarlberg, 2002) . Thus, economic risks imposed from the outside may have been more salient in these officials' decisions than any risks intrinsic to GM corn.
This also helps to explain the wariness of less developed countries to accept any food aid from the USA that could contain genetically modified material. If it is difficult within the US agricultural infrastructure to implement GM/non-GM grain segregation, it is even more difficult in developing nations that lack such an infrastructure. If farmers in those nations were to hoard and plant (unmilled) Bt corn kernels, and these corns were to spread throughout the food system, these nations' export markets could potentially be at risk. Thus, it is understandable that developing nations would be precautionary of accepting Bt corn from the USA.
A nation that were to accept Bt corn imports or donations, but not domestic planting of Bt corn, would incur none of the above-described environmental or market risks, except for cases in which intended uses of the imported or donated corn were not followed strictly. For example, the scenario described above -of corn grains being hoarded and planted illegally -could lead to market losses if the subsequent corn harvest were tested for GM material by an importer that did not accept it.
Potential for seed saving and seed exchange
In agricultural settings in most industrial nations, corn growers buy new corn seed each season, rather than saving seeds from previous harvests to plant in following seasons. In many less developed countries, however, agriculture is still very much dependent on the saving of seed from the previous season's crop, and planting in subsequent seasons (Pingali, 2001) . Also, seeds are exchanged frequently in local-and regional-scale markets. If Bt corn is introduced into such a system, several potentially unintended consequences could occur.
The first is that, in spite of grower agreements with biotech companies to buy new seed each season, farmers are likely to both store and exchange Bt corn kernels for future planting and trade. Thus, intellectual property rights are violated, and if companies decide to pursue such cases, costly lawsuits and political friction could result.
The second concerns the spread of Bt corn's transgene in the agricultural system. Bt corn is expected to perform relatively well compared with its non-Bt counterparts in the field, by virtue of its protection against insect pests and toxigenic fungi. As a result, its seeds are more likely to be stored and exchanged. Within a given nation that had allowed Bt corn adoption, this would mean that relatively more Bt corn would be planted in subsequent years, with a proportion possibly increasing over time as more and more Bt corn seeds were saved. If a patchwork of Bt and non-Bt corn were planted instead of carefully designed refuges as in the US system, insect resistance development could be affected adversely.
However, a potentially greater concern is that if corn seed is traded across national boundaries, and Bt corn seeds were inadvertently imported into a nation that did not allow Bt corn planting, then farmers in that nation would be planting the corn illegally. Given the other environmental and market risks described above, it would make sense for certain policymakers to be very concerned that no Bt corn were planted in their nations -yet this may happen very easily through the mechanism of seed exchange. Trans-boundary systems to prevent this from happening might be both costly and in some cases infeasible in less developed countries, and laws to prevent the storage and exchange of Bt seed would likely be difficult to enforce.
Even if overall benefits outweigh risks, is Bt corn worth adopting?
Even if policymakers were to determine that the overall benefits associated with adopting Bt corn would outweigh any potential risks, there are other points that should be considered. Though these considerations are not meant to underscore Bt corn's usefulness, they help to place its relative advantages in the larger context of achieving food security at a reasonable cost.
One point concerns the relative cost-effectiveness of Bt corn as a means to achieve agricultural ends, compared with other agricultural technologies or methods. Alternative interventions to effect public health or agricultural improvement usually exist (Pinstrup-Andersen and Schioler, 2001; Pretty, 2003) , and all interventions have a cost. Bt corn along with other GM crops may be among the more costly, given the current research and development costs as well as cost to growers (Lichtenberg, 2000) .
Farmers in less developed countries may not need Bt corn to deal with insect pests and problems associated with mycotoxin contamination; they and other agricultural decision-makers should consider which choices make the most sense in terms of both long-term sustainability and cost. The field of integrated pest management (IPM) offers many solutions to pest control; a sample can be seen on the University of California IPM website www.ipm.ucdavis.edu, including the use of beneficial predators to attack pest eggs, planting at proper times of the year, and organic topical treatments. Likewise, Turner et al. (2005) describe a number of postharvest intervention measures to reduce the mycotoxin aflatoxin in West African corn; most of them, such as hand sorting, drying on mats or wooden pallets, sun drying, and storage in natural fibre bags, are highly cost-effective. Of course, even these cost-effective measures of pest and mycotoxin control may prove infeasible in certain scenarios; policymakers must decide on a case-by-case basis.
Also, it is important to remember what Bt corn can and cannot achieve. It is an agricultural technology that, by virtue of pest protection, improves corn production primarily, reduces the need for agricultural inputs, and secondarily reduces certain food contaminants. While GMO proponents may tout agricultural biotechnology as a saving technology for the world's poor, it is overly simplistic to imagine that a crop variety that primarily increases food supply is sufficient to promote food security in regions that have traditionally suffered hunger. This paper will not go into great detail on this complex topic; much has been written on it, including a comprehensive exploration of hunger, economics, and politics found in Dreze et al. (1995) . In it, the editors observe that many cases of famine in the last century occurred when the overall supply of food was in fact higher than average and improving; while public action succeeded in averting famines in cases of serious shortfalls in food supply. Other factors that have proven crucial in determining hunger prevalence include: an established national system of famine prevention (Osmani, 1989) , institutional changes and economic reforms both within the food sector and outside it (Lipton, 1987; Dreze and Sen, 1989) , lack of conflict, and F. Wu empowerment of women through education and work opportunities (Boserup, 1970; Dreze and Sen, 1989) .
These factors, if properly in place, could possibly help a nation to make better use of new agricultural technologies such as Bt corn. For this reason, relatively wealthier and more developed nations might benefit more from this GM crop. For example, the increased supply of corn could be better transported to areas of need, people would have the means to purchase the food, and the agricultural workers (primarily women) would better know how to tend the crop. On the other hand, it has been argued that least developed countries that may not have these factors in place, but where subsistence farming is widespread, could benefit the most from yield-increasing technologies such as Bt corn. Platteau (1990) asserts that food security and self-sufficiency are more easily achieved through improved agricultural production in places such as sub-Saharan Africa, where much of the food grown is consumed within the family rather than sold in markets. In this sense, Bt corn through its yield improvement would be more beneficial in Africa than in Asia or Latin America, where economies are relatively more developed.
Discussion
As this study has discussed, Bt corn does indeed have qualities that could be considered beneficial in many agricultural systems around the world. By virtue of its pest protection, Bt corn adoption results in improved yields in most years where corn borers are significant pests. In addition, Bt corn planting allows for decreased conventional pesticide usage, which is beneficial primarily with regard to material and labour savings; less so with improved environmental quality and human health. Finally, because of Bt corn's pest-protective properties, levels of harmful mycotoxins are also reduced in the corn plants. This mycotoxin reduction leads to improve human and animal health, as well as market benefits of fewer export shipments rejected for contamination. These benefits have already been reaped in nations that have adopted Bt corn, primarily the USA.
At the same time, there is good reason for regulatory decision-makers to exercise precautionary policies with regard to Bt corn planting. Two reasons are endogenous to Bt corn: the potential risks associated with gene outflow and insect resistance development. Particularly in Mexico and Central America, where native corn species exist and where corn is a staple both in people's diets and culture, maintaining a level of 'purity' in corn lines may be desirable. Since little is known about ecological impacts of Bt gene outflow to native species in those areas, it may be wise at the moment to exercise precaution with regard to Bt corn planting there. Also, the potential for pests to develop resistance to Bt toxins through overuse of Bt corn may have varying impacts, depending on a region's reliance on microbial Bt sprays to control pests.
Another reason for precautionary policies is exogenous to Bt corn: the risk of export losses due to stringent regulations on the flow of GMOs in the global food market. The story of Zambia in 2002, in which the government refused food donations for fear that genetically modified grain could work its way into the Zambian food trade system, is a case in point of how extreme such concerns may be. Such precautionary measures are, of course, also driven by issues of culture and ethics. Economic considerations were surely not the only cause for the Zambian government's refusal of the non-GM-free corn donations; a cultural stigma was also attached to genetic modification of food (Wu and Butz, 2004; Paarlberg, 2003) . Likewise, though corn varieties have interbred for hundreds of years in Mexico, a special cultural concern is attached to introduction of genes inserted through modern biotechnology into the mixture. As Rogers (2004) points out, it may be unrealistic to expect any short-term 'efficient' decision process regarding regulation of GM crops, including Bt corn, considering the growing need to incorporate environmental, ethical, and multiple-stakeholder viewpoints into policy decisions.
Finally, it is important for policymakers to consider their agricultural goals when making a decision about adoption of Bt corn. Bt corn can indeed solve certain production, economical, and nutritional problems of agriculture. It is not a panacea for solving problems of hunger in any nation, nor is it necessarily the most cost-effective intervention for the benefits it provides. However, Bt corn can be seen as one powerful potential tool in achieving the aims of pest and mycotoxin control aims of importance in both industrial and developing nations' agricultural systems.
